Relating storage of specific information to a particular neuromorphological change is difficult because behavioral performance factors are not readily disambiguated from underlying cognitive processes. This issue is addressed here by demonstrating robust reorganization of the hippocampal mossy fiber terminal field (MFTF) when adult rats learn the location of a hidden platform but not when rats learn to locate a visible platform. Because the latter task requires essentially the same behavioral performance as the former, the observed MFTF growth is seen as the consequence of specific input-dependent hippocampal activity patterns selectively generated by processing of extramaze but not intramaze cues. Successful performance on the hidden platform task requires formation of spatial memory. Increased MFTFs in hidden platform-trained rats are observed 7 d but not 2 d after training nor in swim controls. These results suggest that structural plasticity of the mossy fiber:CA3 circuit may contribute to the maintenance of long-lasting memory but not to the initial storage of the spatial context. Does gross remodeling of anatomical circuits contribute to longterm memory storage? It has long been thought that the act of learning redefines the physical structure of neural connections (e.g., Ramon y Cajal 1905); however, there are few experimental demonstrations of such rearrangements.
Does gross remodeling of anatomical circuits contribute to longterm memory storage? It has long been thought that the act of learning redefines the physical structure of neural connections (e.g., Ramon y Cajal 1905); however, there are few experimental demonstrations of such rearrangements.
Recently our group has provided direct evidence of learningdependent structural plasticity by demonstrating that training rats from two different strains (Holahan et al. 2006 (Holahan et al. , 2007 to locate a hidden platform in a water maze induces growth of hippocampal granule cell mossy fiber terminal fields (MFTFs) from the stratum lucidum (SL) of CA3 into the stratum oriens (SO) and stratum pyramidale (SP) . No growth was observed in swim controls that spent an equivalent period of time in the water maze as trained animals but with no platform present. When mice were trained in the same task no such growth was observed (Rekart et al. 2007) .
The presence of hippocampal MFTF growth after spatial training in rats is convergent with data from lesion studies in rats (Morris et al. 1982; Sutherland et al. 1983; Moser et al. 1993 Moser et al. , 1995 and mice (Logue et al. 1997) , which suggests that spatial learning tasks, such as locating a hidden platform, are mediated by the hippocampus (O'Keefe and Nadel 1978; Eichenbaum 2000) . Thus, it seems likely that growth of the mossy fibers consequent to spatial learning is driven by spatial learningdependent hippocampal activity.
One outstanding issue, however, is whether the learningdependent growth is truly specific for spatial (i.e., hippocampaldependent) learning, an issue raised in the original observations of Ramirez-Amaya et al. (1999 . Although no growth was observed in swim control animals that were exposed to an equal amount of time in the pool as hidden platform-trained rats, swim controls, in contrast to trained animals, had no control over the amount of time spent in the pool. Indeed, the most reinforced behavior for swim control animals is likely the act of swimming toward experimenters for removal from the pool (Devan and McDonald 2001) .
When learning the platform location in a water maze, the cognitive demands placed on the hippocampus can be reduced by including salient intramaze cues such as a visibly marked platform, which reduces the reliance on extramaze cues (Brandner and Schenk 1998) . For example, rats with hippocampal lesions perform indistinguishably from sham controls when the location of the platform is clearly marked (Morris et al. 1982; Save and Poucet 2000) . Thus, if the observed learning-dependent changes in MFTFs are truly caused by hippocampal-dependent spatial learning (Holahan et al. 2006) , then the amount of hippocampal processing necessary should be increased during spatial processing relative to learning cued by a marked platform (Rudy et al. 1987 ). The present study tests whether such processing differences will be reflected in alterations in MFTF organization.
Male Wistar outbred rats (225-275 g; Charles River Laboratories) were group-housed (3/cage), fed ad libitum, and maintained on a 12-h light-dark cycle (lights on 06:00-18:00). Animals were handled for 3-5 d prior to behavioral training. Training took place during the light cycle (between 10:00-17:00), and all animal use and care were in accordance with Northwestern University Center for Comparative Medicine guidelines.
Rats were trained in the water maze similar to what has been described previously (Holahan et al. 2006) . One modification to the Holahan et al. paradigm is that animals were randomly separated into three (rather than two) groups: In addition to those trained to find a hidden platform (HIDDEN; 10 cm in diameter submerged 2 cm beneath surface of water; n = 7) and the swim control rats (SC; n = 7) that were yoked to HIDDEN rats and spent the same amount of time in the pool (without a platform) as that animal, there were rats trained to find a visible platform (VISIBLE; platform 3 cm above the surface of the water and marked by a yellow Styrofoam buoy tethered to the platform; n = 7). Rats learning the location of the hidden and visible platforms were trained for 10 trials/d using 10 start points for 5 d. The same extra-maze cues were visible to all rats regardless of training condition. Animals were then sacrificed after either a 2-or a 7-d "incubation" period after the last training trial. Immediately before they were sacrificed, rats given 7 d of "incubation" were allowed to search a pool without a platform for 60 sec; the time spent in each quadrant and the number of platform crossings was recorded (probe test) using the HVS Image system (HVS) and analyzed using the public domain Wintrack system (D. Wolfer; http://www.dpwolfer.ch/wintrack/Index.htm).
Despite exhibiting similar rates of acquisition and latencies to reach the platform, the HIDDEN and VISIBLE rats exhibited a significant difference in 1-wk retention (Fig. 1A) , as shown in the occupancy plots of Figure 1 , B and C. Occupancy plots (Fig. 1B ) from this 1-wk probe test revealed the greater accuracy of the memory for the platform location exhibited by HIDDEN relative to VISIBLE and SC rats: HIDDEN rats spent significantly more time than VISIBLE and SC rats in the region of the pool proximal to the original platform (region = annulus 20 cm in diameter centered over platform) (Fig. 1C) . However, there was no difference in the amount of time HIDDEN-and VISIBLE-trained rats spent in the target quadrant (Fig. 1D) .
Mossy fiber remodeling was assessed using hippocampal tissue from trained rats that was prepared, stained, and analyzed using the "split-brain" method detailed in Holahan et al. (2006) and Rekart et al. (2007) . Briefly, saline-perfused tissue was hemisected, and each half was placed in different fixative. For Timm's stain, the left brain was fixed in 1% sodium sulfide, 3% glutaraldehyde, 4% paraformaldehyde. It was sectioned at 40 µm in the coronal plane and every fifth section was systematically chosen from a randomly chosen starting point at the extreme septal pole of the left hippocampus for a total of six sections/animal. For immunohistochemical analyses, the other hemisphere was fixed in 4% paraformaldehyde. For Timm's analysis, digital images of the entire regio inferior were obtained using an Olympus BX61 microscope with a DP70 camera (12.5 megapixels, Olympus). Images were then coded and a point-counting grid (squares = 25 µm/side) was digitally superimposed. Grid intersections overlying dark Timm's silver precipitate were counted as belonging either to the SL or to the strata oriens and stratum pyramidale (SOSP) using described criteria (Holahan et al. 2006) . The areas for the SO and SP were combined as they are hard to distinguish, particularly proximal to CA3c (Claiborne et al. 1986 ).
Comparisons between groups were made using the ratio of the estimated area in SOSP to that in SL to account for any size differences between individual animals. Subsets of Timm's counts were conducted by two independent raters using identical selection criteria. The inter-rater reliability was found to be significantly similar (P < 0.0001) with a Pearson correlation coefficient of r = +0.95. The difference in the quantitative level of precision of the memory for the target position was linked to both a qualitative and a quantitative difference in MFTF staining. Specifically, there was a striking, readily discernible elevation of mossy fiber presence in the SO of HIDDEN that was not observed in VISIBLE or indeed SC ( Fig. 2A) .
Quantitative analysis showed that the normalized area of Timm's staining (e.g., divided by area of SL) in the CA3 SOSP of HIDDEN rats sacrificed 7 d after training was significantly greater than that of VISIBLE rats ( Fig. 2B ; Tukey posthoc, P < 0.025) and SC rats (Tukey posthoc, P < 0.01). In VISIBLE rats there was 
no significant difference in the proportion of SOSP MFTFs relative to swim controls (Tukey post-hoc, P = 0.670). Absolute SL area was not found to differ significantly between training conditions. Moreover, the significant training-dependent increments in the SOSP of HIDDEN rats were restricted to the rostralmost third of the septal hippocampus ( Fig. 2A) , a point emphasized by both Ramirez-Amaya et al. (2001) and Holahan et al. (2006) .
In rats sacrificed 48 h after training, the size and relative distribution of MFTFs did not differ as a function of training. Specifically, no significant effect of training on the size of the SOSP, the SL, or the SOSP/SL within the regio inferior was found (data not shown).
In rats sacrificed 7 d after training, a subregional analysis of the reorganization of the MFTFs 7 d after training revealed significant local remodeling. The total CA3 area was divided into component CA3a and CA3b subregions; the former contains collateral branches from parent mossy fibers in the distal SL while the latter contains terminals originating with the infra-and intrapyramidal mossy fiber (IIPMF) projections (Swanson et al. 1978) . We differentiated between regions by designating any Timm's precipitate located dorsal to a virtual dividing line placed Figure 2 . Selective learning-induced mossy fiber terminal field expansion is observed after hidden platform training but is not observed in visibleplatform-trained rats. (A) Seven days after the end of training, robust increases in Timm's heavy metal staining, indicative of zinc-containing hippocampal mossy fiber axons and terminals, were only observed in the strata oriens and pyramidale (SOSP; arrows) of hidden platform-trained rats (n = 4/group). This increment was restricted to the rostral-most septal hippocampus (ROSTRAL-SEPTAL) and was less apparent posteriorly (MID-SEPTAL) with no observable differences evident in the most posterior third of the septal hippocampus (CAUDAL-SEPTAL). (SL) Stratum lucidum. *P < 0.025 vs. SWIM CNTRL; #P < 0.05 vs. VISIBLE. (B) The relative area of Timm's staining in the SOSP of the rostral-septal hippocampus was significantly greater in HIDDEN rats than in visible platform-trained (VISIBLE) or swim control (SWIM CONTROL) rats. (C) Significant hidden platform training-induced expansions are observed in the rostral-and mid-septal SOSP of CA3b and the rostral-septal SOSP of CA3a.
on the border of the SL and SP as belonging to CA3a. CA3b encompassed all remaining Timm's precipitate located ventral to and in contact with the virtual dividing line. CA3c was located within the blades of the granule cell layer and was excluded from the subregional analysis.
With this parcellation of hippocampal subfields, one observes significant increments in the normalized size of the SOSP of HIDDEN rats relative to yoked SCs in CA3a (Tukey post-hoc, P < 0.025) and CA3b (Tukey post-hoc, P < 0.025) that is greater than VISIBLE rats (Tukey post-hoc, P < 0.05) in CA3b (Fig. 2C) . These results suggest that the increased number of mossy fiber terminals suggested by Timm's staining are most likely to originate from both existing mossy fibers in the IIPMF pathway (CA3b) and, as has been previously described (Holahan et al. 2006) , the distal suprapyramidal mossy fibers (CA3a).
We used two antibodies to determine whether learningspecific changes in Timm's staining were due to an increased distribution of Timm's precipitate into existing mossy fiber axons or represented a growth or remodeling of these axons (Holahan et al. 2006) . The antibody specific for zinc transporter 3 (ZnT3) preferentially and selectively stains mossy fibers and its terminals (Palmiter et al. 1996) and an antibody against Tau1, which is restricted to axons and has served as a marker for axonal growth (Binder et al. 1985; Caceres and Kosik 1990) , were used. As shown in Figure 3 , hidden platform training did indeed increase the distribution of ZnT3 (Fig. 3) . Importantly, increased staining for tau1 was also observed in the CA3 SOSP of trained animals (Fig. 3) . Moreover, both the axonal Tau1 and the mossy fiber-specific ZnT3 in the CA3 SOSP of trained animals were colocalized within the MFTF (see MERGE in Fig. 3 ), strongly supporting the view that training induced a new growth or remodeling of mossy fibers. To assess whether the increases in Tau1 and ZnT3 were associated with concomitant training-dependent increases in proteins associated with functional synapses, we also assessed immunoreactivity for the presynaptic markers synaptophysin (Sudhof and Jahn 1991) and SNAP-25 (Kretzschmar et al. 1996) . As panels i-l of Figure 3 demonstrate, hidden platform training resulted in qualitative increments in the immunoreactivity for both SNAP-25 and synaptophysin in the CA3 SOSP.
The present results show that spatial but not cued learning can act as an input-dependent trigger for remodeling of mossy fibers and their terminal arbor. The lack of an effect of cued training using the visible platform on MFTF growth suggests that merely learning the location of a platform is not sufficient to induce MFTF structural plasticity. Thus, only when the task requires the processing of spatial and contextual cues to locate the platform, a function which is known to selectively activate hippocampal granule cell activity (Jung and McNaughton 1993) , does MFTF growth occur. Such selective hippocampal activation may in turn preferentially recruit growth-associated and cytoskeletal proteins that mediate the morphological alterations in the mossy fiber system. Indeed, positive immunoreactivity for two proteins, one for the mossy fiber-containing zinc transporter and one for a marker of the axonal cytoskeleton, suggests that new growth or expansion of mossy fibers has occurred. That there may also be presynaptic terminal proliferation is suggested by training-induced elevated staining by the presynaptic markers synaptophysin and SNAP-25 of the SO. Behavioral and physiological evidence of other authors as well as the current results support the localization of function to the anterior portions of the septotemporal axis of the hippocampus. For example, the restriction of growth to the rostral third of the septal hippocampus of hidden platform-trained rats observed in the present study is consistent with findings that lesions of the septal but not the temporal hippocampus produce specific impairments on tasks requiring spatial processing (Moser et al. 1993 (Moser et al. , 1995 Hock and Bunsey 1998; Bannerman et al. 1999) .
Septotemporal behavioral dissociations likely arise from corresponding differences in the organization of projections to the hippocampus. For example, neurons from the dorsolateral band of the medial entorhinal cortical area, in layer II, which project to granule cells in the septal hippocampus (Ruth et al. 1988; Dolorfo and Amaral 1998) , show spatial selectivity, but cells in the ventromedial band, which provide input to the temporal hippocampus, do not (Fyhn et al. 2004) .
Within the hippocampus, the mossy fibers have been shown to be critical for spatial learning as chelation of zinc from hippocampal mossy fibers impairs spatial learning in rats (Frederickson et al. 1990 ). More generally, rats with hippocampal lesions are impaired in finding a hidden platform but perform as well as sham controls if the platform location is visibly marked (Morris et al. 1982) . Consistent with this idea, the probe-test occupancy plot of visible platform-trained rats clearly demonstrated that there is little more than a general sense (e.g., "gist"; Koriat et al. 2000) as to exact platform location. In contrast, the results from the hidden platform-trained rats suggest the formation of a strong spatial representation for the exact spatial coordinates of the hidden platform (see Fig. 1B ), which may be related to the increased network complexity brought about by MFTF expansion. Because the initial learning over the 5-d training period produces no significant growth 48 h after training, Cold Spring Harbor Laboratory Press on November 7, 2016 -Published by learnmem.cshlp.org Downloaded from mossy fiber expansion is more likely to play a role in those processes involved in long-lasting or remote spatial memory rather than early stages of information processing.
Is there a potential contribution of neurogenesis to the learning-induced mossy fiber terminal growth observed in the present study? If so, the observed expansion could be attributed to the extension and ramification of the axonal arbor of recently born dentate gyrus granule cells, as spatial but not cued learning in the water maze has been shown to increase nascent-born granule cell survival . Indeed, 4 to 10 d are required after mitosis for adult-derived granule cells to extend axons into the distal CA3 MFTFs (Hastings and Gould 1999) . Because learning-dependent mossy fiber growth in this report requires 3-7 d after training to be observed, the roughly similar timelines for the growth observed here and that due to neurogenesis are intriguing.
Regardless of the age of the granule cells contributing to the MFTF expansion, it is notable that the outgrowth does not occur during the 5 d training period nor is it detectable 2 d after training. Thus, only 3-7 d after the termination of training does the growth of the axon terminals become manifest. Importantly, this occurs during the 7-d post-training period at a time when the animal is no longer exposed to the training apparatus, experimental room, or experimenters. Thus, the growth process occurs off-line and, as has been previously shown, persists for at least 30 d (Ramirez-Amaya et al. 2001) .
The cellular processes that occur during the 7-d posttraining home cage "incubation" period may instead reflect the involvement of endogenous neural rehearsal mechanisms that are part of the off-line processing in networks that participate in the representation of the spatial memory (Santini et al. 2001; Hoffman and McNaughton 2002; Routtenberg and Rekart 2005) and that can be observed in awake, freely moving animals (Foster and Wilson 2006) . Indeed, the current results are entirely consistent with the recently proposed model of memory that specifies "cryptic rehearsal" or off-line processing as critical for maintaining post-translation modifications after learning has taken place (Routtenberg and Rekart 2005) . These continuing off-line neural activity patterns are considered necessary for regulating learning-induced post-translational modification of proteins that sustain long-lasting memory. Studying the molecular and physiological events during the 7-d post-training incubation period will doubtless prove of value in testing the neural and molecular growth-promoting events that occur after the learning trials have ceased.
